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Abstract
Neutrinoless double beta decays in liquid xenon produce a significant amount of Cherenkov light, with a photon number
and angular distribution that distinguishes these events from common backgrounds. A GEANT4 simulation was used
to simulate Cherenkov photon production and measurement in a liquid xenon detector and a multilayer perceptron was
used to analyze the resulting distributions to classify events based on their Cherenkov photons. Our results show that
a modest improvement in the sensitivity of neutrinoless double beta decay searches is possible using this technique,
but the kinematics of the neutrinoless double beta decay and electron scattering in liquid xenon substantially limit this
approach.
1. Introduction and Physics Motivation
Neutrinoless double-beta decay (0νββ) searches probe
lepton number violation and Majorana mass of the neu-
trino [1]. These experiments face the challenge of looking
for an exceedingly rare signal and so background reduc-
tion plays a critical role in the choice of material used as
a detection medium.
Liquid xenon-136 has been chosen by the EXO-200 [2]
and nEXO experiments [3] as a double beta decay (ββ)
source and detection medium due to a combination of
properties including the ability to instrument liquid xenon
as a time projection chamber resulting in good position
and energy resolution. In addition to the properties al-
ready used in liquid xenon experiments, the production of
Cherenkov light in liquid xenon can enhance the ability of
these detectors to differentiate neutrinoless double beta de-
cays (0νββ) from gamma backgrounds. This Cherenkov-
based discrimination, while not currently a baseline fea-
ture of any experiment, could be implemented to reduce
backgrounds and increase sensitivity in 0νββ searches.
The 0νββ process emits two electrons, which are both
capable of producing Cherenkov light. These electrons
have a total kinetic energy equal to the double beta decay
Q-value (Qββ = 2458 keV for
136Xe [4]). The kinemat-
ics allows ∆E, the difference in the electron energies, to
fall anywhere in a wide distribution, although the ”even
Figure 1: Distribution of neutrinoless double beta decays in energy
split and relative angle. There are singularities at ∆E = ±Qββ/2
split” of ∆E = 0 is the mode of that distribution [5]. Simi-
larly, the angle between the two electrons’ initial momenta
is drawn from a wide distribution peaked at 180 degrees.
Figure 1 illustrates this distribution. As a result of this
wide phase space, there is a great variety in the amount
and angular distribution of the Cherenkov light emitted
from 0νββ.
The primary background in neutrinoless double beta
decay searches in liquid xenon arise from gamma rays with
energy close to Qββ . Some of these gamma rays undergo
Compton scattering in the detector, producing multiple
detected interaction sites that can be used to reject that
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event. However, gamma rays that undergo photoelectric
absorption without any preceding scattering will produce
a single recoiling electron with nearly all of the gamma’s
energy. Since electrons have short (few mm) range in liq-
uid xenon, a single recoil electron background results in a
single detectable interaction site just as the neutrinoless
double beta decay does. For this reason, a site multiplic-
ity cut cannot distinguish between this background and
the signal. Further background reduction can be achieved
by discrimination based on the spatial and energy distribu-
tion of backgrounds which have characteristic differences
from the 0νββ signal, but even with all these techniques
combined there remains a significant opportunity to im-
prove the sensitivity of liquid xenon 0νββ detectors with
further background reduction [6].
The background rate could be further reduced, and
the sensitivity improved, by leveraging the differences in
the Cherenkov photons produced between background and
0νββ events. The number and directional distribution of
Cherenkov photons depends on the type of event, allow-
ing for background discrimination. This article shows that
in some scenarios this technique could remove more than
80% of backgrounds while keeping more than 60% of signal
events, leading to 0νββ sensitivity improvements of about
40%. We will show that these results rely on extremely ef-
ficient removal of Compton-scattering backgrounds which
will otherwise prevent useful Cherenkov discrimination.
We will examine some less favorable scenarios that may
arise due to constraints on detector design. Finally, we
will show that the barriers to more efficient Cherenkov dis-
crimination are irreducible as they arise from the physics
of 0νββ decay and electron scattering in liquid xenon.
This article starts by discussing the characteristics and
detection of Cherenkov light in liquid xenon. Next comes
analysis of a simulated test case demonstrating the degree
to which differences in Cherenkov light production enable
discrimination between 0νββ and photoelectric-absorbed
gamma-ray backgrounds. Conclusions are drawn from a
study of various physical and experimental factors that
affect the discrimination power.
2. Cherenkov Production in Liquid Xenon
Cherenkov photons are produced when a charge par-
ticle, such as an electron emitted from a 0νββ, exceeds
the phase velocity of light in the medium. As such, the
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Figure 2: Liquid xenon index of refraction as a function of wave-
length. Adapted from [7].
number and spectrum of Cherenkov photons produced in
liquid xenon depends on its index of refraction, which is
wavelength-dependent. A functional form of the index of
refraction of liquid xenon that agrees well with experimen-
tal measurements is described in [7]. This model is used in
this paper to simulate the production of Cherenkov pho-
tons and the transport of those photons through a detec-
tor. One input to this model is the number density of
Xenon atoms, which was adjusted to correspond to 3.057
g/cc to account for the increased molar mass of xenon en-
riched in 136Xe [3]. The index of refraction as a function
of wavelength is shown for reference in Figure 2.
The Cherenkov yield from an electron can be estimated
under the continuous-slowing-down approximation using
stopping power values available from [8]. Under this ap-
proximation, a single electron at Qββ produces an aver-
age of 700 Cherenkov photons between 155 nm and 800
nm, which we treat as the sensitive range of a photosen-
sor chosen for the vacuum-UV xenon scintillation light.
The number of Cherenkov photons is nonlinear in energy,
and so the yield for two electrons each with half of Qββ
is 582 photons in this approximation. When using the re-
alistic distribution of energy split between the two elec-
trons in 0νββ events[5], the average yield is somewhat
higher than the evenly-split decay case. Figure 3 shows
the Cherenkov yield in LXe obtained from a GEANT4[9]
simulation. The mean yield from the simulation of pho-
toelectric interactions agrees approximately (within 5%)
with the continuous-slowing-down approximation for a sin-
gle electron, but there is significant variation as each sim-
ulated electron slows down differently.
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Figure 3: Cherenkov photon yield for 136Xe 0νββ and photoelectric
interactions of gammas of Qββ energy as obtained from the GEANT4
simulations used in this work.
Cherenkov photons are emitted in a wide distribution
of wavelengths weighted heavily towards shorter wavelengths
where the index is higher. Unlike Cherenkov light, scintil-
lation light in liquid xenon is produced primarily in a nar-
row peak at 175 nm [10]. The yield of scintillation photons
for an electron at Qββ is much higher that for Cherenkov
photons, at an average of 89,500, as estimated based on
[11]. As a result, Cherenkov emission near the scintilla-
tion wavelength is impossible to measure, as illustrated in
Figure 4.
Background discrimination using Cherenkov light must
rely on the photons at longer wavelengths than the scintil-
lation light. These photons can be selected using a sensor
insensitive to 175 nm light, or alternatively with a time-of-
flight based cut. Here, we discard the former approach be-
cause it would compromise the detector’s collection of scin-
tillation light and therefore the precision of energy mea-
surements. Precise energy measurements play a role in
rejecting backgrounds in 0νββ searches and so a time-of-
flight cut, which does not impact the energy measurement,
is preferable.
A time-of-flight cut leverages the fact that Cherenkov
photons outside the UV range travel substantially faster
through liquid xenon than the UV scintillation light. The
steep slope of the index of refraction near the scintilla-
tion wavelength results in a group velocity of scintillation
light of 0.27c, compared to 0.42c-0.71c for Cherenkov light
between 200 nm - 800 nm. In a detector with a 60 cm
radius, this difference in speed results in the scintillation
light from an event at the center of the detector arriving
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Figure 4: Simulated Cherenkov photon spectrum from 0νββ interac-
tions in LXe compared to the corresponding scintillation spectrum.
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Figure 5: Distribution of arrival times for Cherenkov and scintillation
light travelling a distance of 60 cm, obtained from simulated 0νββ
interactions in LXe.
3-4 nanoseconds later than the Cherenkov light as seen in
Figure 5. This enables measurement of a portion of the
Cherenkov light by looking only at those first few nanosec-
onds.
In the following, we assume that the LXe scintillation
light is completely negligible at wavelengths above 200 nm
as it would otherwise be difficult to distinguish Cherenkov
light from scintillation with a time-of-flight cut or with
any other method. Xenon is known to scintillate weakly
in the infrared at > 800 nm [12], but there is negligible
Cherenkov emission in that range. Argon does have a
“third continuum” in its emission spectrum that produces
some light between the UV and IR [13] and no study has
completely ruled out this mechanism in xenon. However,
a study on xenon-doped argon [14] shows no scintillation
between the UV and IR. Assuming the same holds true
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Figure 6: Direction of individual Cherenkov photons relative to the
mean direction of Cherenkov photons in each simulated interaction
of an electron with initial energy Qββ . While no characteristic ring
shape is observed, some directional correlation is preserved.
for pure liquid xenon, there would be no scintillation in a
range that would compromise identification of Cherenkov
photons by wavelength or time-of-flight.
Cherenkov emission forms a characteristic cone relative
to the electron’s velocity, but MeV-scale electrons in liquid
xenon do not produce the ring patterns on the light sen-
sors familiar from water Cherenkov detectors measuring
GeV-scale particles. In fact, electrons scatter frequently
and at large angle in liquid xenon, so the emission angle
of Cherenkov light is measured from a constantly-changing
electron direction. Figure 6 shows the direction of emission
of simulated Cherenkov photons from electrons with Qββ
initial energy. The direction of each individual Cherenkov
photon is plotted relative to the average direction of pho-
tons from that event. The observable directional bias
shows that the Cherenkov photon directions are correlated,
not isotropic, and so retain some information about the di-
rection of charged particles in the event.
Rayleigh scattering of scintillation and Cherenkov pho-
tons adds random noise to the relationship between elec-
tron direction and photon direction. This scattering also
increases the mean and variance of the distance travelled
by photons between the event site and the light sensors.
The Rayleigh scattering length depends greatly on the
photon wavelength, being 35 cm at the scintillation wave-
length and rising to 1 m by 200 nm photons and 75 m by
436 nm photons. For purposes of this study, Rayleigh scat-
tering is neglected for photons with wavelengths greater
than 436 nm as in those wavelengths the scattering length
is much larger than the detector sizes simulated here.
3. Simulation and Analysis Methodology
A GEANT4 [9] simulation was performed to determine
if neutrinoless double beta decay could be distinguished
from backgrounds using Cherenkov light in a variety of sce-
narios. The results were analyzed to quantify the amount
of discrimination possible and to project the impact of that
discrimination on the sensitivity of a 0νββ search.
The simulation and the subsequent analysis do not rep-
resent any existing or proposed detector for several rea-
sons. No existing or proposed detector has been designed
to take best advantage of Cherenkov signals, and so the
baseline capabilities of those detectors are not informative
for a study of what might be accomplished in a detector
optimized for that purpose. For the sake of easily explor-
ing different scenarios affecting the power of Cherenkov-
based discrimination, we used several simplifying assump-
tions. When choosing parameters affecting the simulation
or analysis, we chose the most favorable scenario within
reason as a baseline and investigated some alternative sce-
narios with less favorable assumptions. The results can
therefore be taken as an upper limit of what might be
achieved, with some illustration of how far below that up-
per limit a realistic detector might fall. However, we made
every effort to ensure the underlying physics, as described
in section 2, is accurately represented in the simulation.
The specific simplifications and favorable assumptions are
highlighted in the remainder of this section.
GEANT4.10.3 was used for the simulation. The Liver-
more electromagnetic model [15] governed the behavior of
electrons and gammas in the xenon. Cherenkov produc-
tion was handled using the GEANT4 Cherenkov process
with default parameters. Scintillation photons were pro-
duced using a modified version of the NEST tool, described
in Section 3.3.
The baseline detector geometry was a sphere of xenon
with 60 cm radius, with the entire surface of the sphere
made of photodetectors assumed to be 30% efficient at
detecting all light reaching this surface. This spherical
arrangement was chosen to simplify the analysis of the
simulation by taking advantage of the symmetries of the
geometry. It also forms a best-case scenario, as it has com-
plete photodetector coverage and the light is not absorbed
or scattered by internal hardware between the xenon and
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the photosensors, such as electric field-shaping hardware.
This baseline design contains 2.7 tonnes of liquid xenon,
and so is referred to as the ton-scale sphere design.
Several alternative geometries were simulated in addi-
tion to the baseline. A kiloton-scale sphere design was one
alternative geometry, with a 428 cm radius and containing
1 kilotonne of liquid xenon. Two ton-scale cylinder designs
were simulated, both with 60 cm radius and 120 cm height
and containing 4.1 tonnes of xenon. These two designs
differed in their photosensor coverage. The first had the
entire surface, cylinder wall and bases, instrumented with
photosensors, similar to the spherical designs. The sec-
ond had only the wall instrumented, while the bases were
uninstrumented but 80% reflective at all wavelengths.
3.1. Simulated Neutrinoless Double Beta Decays
0νββ events were simulated as the production of two
electrons whose energies and directions were determined
by the kinematics of the double beta decay process. In
the GEANT4 simulation, these decays were produced by
a custom generator code that drew the beta energies and
directions from the appropriate distributions as described
in section 1.
Neutrinoless double beta decays were simulated only at
a single point at the center of the detector volume. This re-
duced the complexity of the analysis, avoiding the need to
account for event position. Events at the center of the de-
tector, where external gamma backgrounds are the lowest,
also have the most impact on the limit-setting or discovery
potential of a liquid xenon neutrinoless double beta decay
experiment [6]. Thus, events at this location are the most
interesting for tests of the ability to reject external gamma
backgrounds.
The events in this study have an inherent symmetry
due to being located at the detector center. This symmetry
is used to reduce the number of simulated events needed
in the training set by rotating the coordinate system as
described below in Section 3.4. Studies at points without
this symmetry will require a larger population of simulated
events but will not otherwise be hampered by the lack of
symmetry.
Simulated 0νββ events were also required to pass a
single-interaction-site cut. The typical 0νββ event pro-
duces a single continuous energy deposition. Some 0νββ
events, however, produce bremsstrahlung gammas that take
energy further from the main event location. When this
occurs, the event resembles a gamma background with sep-
arate Compton and photoelectric interactions. Following
the method in [6], we reject from the analysis 0νββ events
with energy depositions more than 3 mm separated from
the main energy cluster at the center of the detector.
3.2. Simulated backgrounds
We simulated gamma rays of energy Qββ biased to in-
teract in the center of the detector, as in the signal case.
We furthermore required the backgrounds to pass a single-
interaction-site cut. We examined two different versions of
this cut, one perfectly efficient at identifying single inter-
action sites and another based on the cut described in [6]
which includes inefficiency from imperfect position resolu-
tion.
The perfectly efficienct single-site cut requires that all
simulated background gammas immediately undergo pho-
toelectric effect at the center of the detector. This is imple-
mented using GEANT4’s event biasing options, producing
a set of simulated events with only a single interaction site
where the photoelectric effect occurred. Bremsstrahlung
gammas emitted from the photoelectric-effect electron may
travel far enough from the electron’s energy deposition
track that they produce a second detectable interaction
site, in which case we reject the background event as non-
single-sited. We consider this to have occurred and reject
the background event if a Bremsstrahlung gamma travels
more than 3 mm from the electron’s track. The perfectly
efficient single-site cut is the baseline for analysis.
An experiment’s single-site cut may be less than per-
fectly efficient due to limitations on resolving the event
topology. In particular, a gamma that undergoes Comp-
ton scatter and then photoelectric effect within a very
short distance may be impossible to distinguish from a
pure photoelectric effect event. Reference [6] describes a
single-interaction-site cut that includes some reasonable
assumptions about experimental resolution, and we im-
plemented a cut following that method. Energy deposits
within 3 mm of each other were aggregated into clusters.
If more than one such cluster is found, i.e. if there is an
energy deposit more than 3 mm from an existing cluster,
the background event is discarded. The remaining events
include both gammas that immediately underwent pho-
toelectric effect interaction, producing a single recoiling
electron, and events that underwent one or more Compton
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scatters within a region of about 3 mm diameter before un-
dergoing photoelectric effect, producing multiple recoiling
electrons that are aggregated into a single cluster. 43% of
the events were in photoelectric-only category. The other
67% of events represent an inefficiency in the single-site
cut, as they include multiple interaction sites that are too
close to distinguish.
We do not use this imperfect cut as the baseline be-
cause, as shown later in section 4, this inefficiency is highly
detrimental to Cherenkov-based discrimination, as multi-
ple recoiling electrons from a background are difficult to
distinguish from the two electrons in a 0νββ event. This
inefficiency may not be easily reducible due to the ex-
perimental realities of electron diffusion during drift [3],
but it is possible that future development will result in a
cut that more efficiently removes the Compton-scattering
backgrounds. As the next generation of liquid xenon 0νββ
detection refines its projections of the efficiency of the
single-site cut, we will learn to what degree Cherenkov-
based discrimination can approach the performance seen
in this purely-photoelectric simulation. For the time be-
ing, we use the more favorable scenario as a baseline to
more easily explore the implications of Cherenkov-based
discrimination.
3.3. Light Simulation
Optical photons were generated from two separate Geant4
processes. Scintillation was generated using a modified
version of the Noble Element Scintillation Technique (NEST)
tool for Geant4. These modifications increased the com-
puting performance of NEST when working with MeV-
scale events. This version of NEST produces a yield of
36.4 photons/keV for a Q-value electron recoil in a 300
V/cm electric field.
The G4Cerenkov process controlled Cherenkov photon
production. Geant4’s implementation of the calculations
behind Cherenkov production is particularly sensitive to
the smoothness of the input curve relating index of refrac-
tion to photon wavelength, so we supplied a curve with
10,000 points between 155 nm and 800 nm, with the in-
dex calculated at each point using the model described in
Section 2.
Photons were propagated using Geant4 from their ori-
gin to the edge of the detector, where their location and
wavelength were recorded. This simulation process does
not model non-light-sensitive hardware in the active vol-
ume. A 30% efficiency was assumed for detection of pho-
tons incident on the light sensing surface of the xenon ves-
sel. This represents the photon detection efficiency of the
sensors used, distinct from the light collection efficiency
that includes absorption of light elsewhere in the detector.
The simulated detector does not include internal hard-
ware that would either absorb or reflect light before it en-
counters the light sensing surface, reducing the collection
efficiency or delaying light collection past the time-of-flight
cut. This hardware is commonly present in detectors, but
a detailed simulation of its effects is beyond the scope of
this work. Instead, we considered a scenario treating the
light sensing efficiency as 10% to demonstrate the effect
of photons lost to absorption or reflections on hardware.
Even the 10% light sensing scenario is more favorable than
currently existing detectors which lack the total light sens-
ing coverage in the baseline simulated detector. Absorp-
tion and scattering within the liquid xenon is included in
all simulations.
3.4. Event Analysis
First, the photons collected in the simulation were fil-
tered through a time-of-arrival cut that separated scintil-
lation photons from the Cherenkov photons. For each sim-
ulated geometry, the location of detection for each photon
was divided by the time of arrival to get an implied speed
of the photon. The cut threshold was tuned manually
to find the value that maximized the Cherenkov discrim-
ination ability. This cut was 0.427c for the ton-scale ge-
ometries and 0.379c for the kiloton-scale geometries, which
required a different cut due to the change in photon trans-
port caused by Rayleigh scattering over long distances.
41% of Cherenkov photons fail this cut in the ton-scale
geometry, as either their wavelength is closer to the scin-
tillation wavelength or they reflect or scatter on their way
to detection, increasing path length to longer than the dis-
tance between the origin and the detection and reducing
the implied speed below the cut. In the kiloton-scale ge-
ometry, that increases to 57%.
The simulation results were processed to produce, for
each event, a map of the number of photons striking each
location in the detector. Position information was binned
into 24-by-12 ”pixels” by polar coordinates, so that each
event can be summarized by a vector of photon quantities
of length equal to the number of pixels. The number of
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pixels was chosen by starting with a small number of pix-
els and increasing the number until the performance of the
analysis plateaued. For consistency in the analysis, polar
coordinates were used even when the simulated geometry
was cylindrical. The simulated detectors are symmetric
around one (cylinder) or two (sphere) axes, so two events
with similar Cherenkov photon distributions apart from
the rotation should be analyzed the same way. To that
end, during the binning of the photon results the coordi-
nate system was rotated event-by-event. For spherical ge-
ometries, the coordinate system pointed the primary axis
along the dipole moment of the photon distribution and
the secondary axis in an arbitrary direction. For cylin-
drical geometries, the primary axis always pointed along
the axis of symmetry while the secondary axis lay in the
same plane as the dipole moment of the photon distribu-
tion. The effect of these rotations was that the greatest
concentration of photons in each event would consistently
appear in the same bins, simplifying the last step of the
analysis.
The signal-background discrimination analysis was per-
formed by training a multi-layer perceptron (MLP) to clas-
sify events as either signal or background. The MLP tech-
nique was implemented using the Python package Scikit-
learn [16] which based its approach on [17] and [18]. We
chose a machine learning approach for this problem be-
cause it could flexibly learn the best way to apply direc-
tional information in the distribution of Cherenkov pho-
tons. MLPs are a well-tested choice of machine learning
algorithm for analysis of images used in event classifica-
tion [19]. Some otherwise-appropriate alternatives, such
as support vector machines, proved impractical due to
the speed at which their computational requirements scale
with the large data set used here.
Six million events were provided to the MLP, of which
600,000 were reserved for testing, and the remainder were
used as the training set. A range of hyperparameters were
tried, as well as different non-MLP algorithms to conclude
that the hyperparameters given in Table 1 produced sensi-
tivity results, as evaluated in Section 3.5 as good or better
than any other option. The hidden layers used were fully
connected, as Scikit-Learn does not support other archi-
tectures.
Hyperparameter Value
Hidden layers 100, 100
Activation function Hyperbolic tangent
Optimization algorithm Adam [18]
Learning rate α 10−3
Batch size 50
Table 1: Multilayer Perceptron Hyperparameters
3.5. Sensitivity Analysis
The goal of neutrinoless double beta decay experimen-
tal design is to maximize the sensitivity of the experiment
to the half-life of neutrinoless double beta decay. We use
a simplified model of experimental sensitivity to estimate
the improvement in sensitivity that can be achieved from
Cherenkov discrimination.
Although real experiments typically use a more so-
phisticated analysis to determine their sensitivity [6], in
this simplified model we assume that events are simply
counted and compared to the expected number of back-
grounds. The Feldman-Cousins sensitivity [20], i.e. the
average upper limit of experiments under the null hypoth-
esis, is then be calculated. This simplification is necessary
as the sensitivity estimates in [6] are closely tied to the
distribution of backgrounds throughout the detector vol-
ume while this study of Cherenkov-based discrimination
examines only the center of the detector.
The Feldman-Cousins sensitivity is in units of signal
counts and can be converted to a limit on the neutrinoless
double beta decay half-life by a factor proportional to the
signal acceptance. So, if FC(b) is the Feldman-Cousins
sensitivity of a counting experiment with b backgrounds,
f is the fraction of backgrounds passing the Cherenkov
discrimination cut, and s is the signal acceptance of that
cut, the half-life sensitivity improvement I is:
I = s · FC(b)
FC(b · f) (1)
The half-life sensitivity improvement depends on an as-
sumption of b, the number of backgrounds before Cherenkov
discrimination is applied. Each experiment has its own
value of b that depends on the experimental design. For
smaller values of b, the sensitivity impact of Cherenkov dis-
crimination is smaller, a consequence of the behavior of the
Feldman-Cousins sensitivity when expected backgrounds
are close to zero. As a baseline, we assume b = 100.
This baseline case represents the application of Cherenkov-
based discrimination by an experiment with a relatively
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Figure 7: ROC curve of ton-scale sphere with baseline analysis
large background rate to achieve a competitive number of
backgrounds. We also examine a scenario in which b = 10,
which represents the application of Cherenkov-based dis-
crimination in an experiment that has already achieved
low backgrounds and seeks to use this technique for fur-
ther reduction.
4. Simulation Results
As mentioned above, the baseline scenario is a ton-scale
spherical geometry using 24-by-12 pixels in the analysis,
with backgrounds consisting of only photoelectric-effect in-
teractions. In this baseline scenario, an average of 133
photons from each background event pass the Cherenkov
cuts, compared to 109 photons from each signal event.
Applying the MLP analysis produces the Receiver Op-
erating Characteristic (ROC) curve in figure 7. Each point
on this ROC curve is a potential cut threshold on the MLP
metric with the indicated consequence on background re-
jection vs signal acceptance.
Using the methodology in Section 3.5, the ROC curve
in Figure 7 can be translated into the sensitivity improve-
ment curve in Figure 8. The maximum of this curve is the
best improvement in the sensitivity that can be achieved
using a cut on the MLP metric. In this baseline case, the
best sensitivity improvement is a factor of 1.43 improve-
ment at a cut that removes 85% of backgrounds and keeps
61% of signals.
These promising results highly depend on the single-
sited cut used to create the background set. The less effi-
cient cut described in section 3.2 includes many Compton-
scattering backgrounds. Performing the Cherenkov anal-
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Figure 8: Sensitivity as a function of background rejection in a Ton-
Scale Sphere with Baseline Analysis
ysis using this background set produces only a factor of
1.11 sensitivity improvement. This number was produced
assuming b = 200 in the sensitivity calculation, to rep-
resent the increase in the pre-Cherenkov-discrimination
backgrounds from the less efficient single-site cut. The
origin of this reduced discrimination effectiveness is clear:
when a gamma produces multiple recoiling electrons due
to Compton scatter, the resulting Cherenkov light is diffi-
cult to distinguish from 0νββ events.
We simulated several other scenarios to explore how
effective Cherenkov discrimination is under different as-
sumptions. Table 2 summarizes the results of these other
scenarios. It provides for each case short description and a
number, which can be referenced to the more detailed de-
scription below. It then provides the results for each case:
the sensitivity improvement at the optimal cut value, the
number of Cherenkov photons passing cuts in the back-
ground and 0νββ test sets, and the signal acceptance and
background rejection that enables the reported sensitivity
improvement.
4.1. Understanding the Limitations of Cherenkov Discrim-
ination
The baseline scenario produces relatively modest im-
provements in sensitivity. To investigate why the improve-
ments are not greater, we simulated deliberately unphysi-
cal scenarios in which Cherenkov-based discrimination may
be more effective.
First, we evaluated the sensitivity of an idealized ex-
periment that manages to perfectly reject all backgrounds
with no loss of signal (Table 2, Case 3). This result comes
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Table 2: Result of the study of Cherenkov 0νββ background discrimination in liquid xenon for various scenarios. In each case, the sensitivity
improvement factor I is provided along with the number of Cherenkov photons per signal (0νββ) and background event, the signal acceptance,
and the background rejection obtained from the MLP analysis. See text for detailed description of each scenario.
Case Description Sensitivity
improvement
Signal pho-
tons/event
Background
photons/event
Signal ac-
ceptance
Background
rejection
1 Baseline 1.43 109 133 0.61 0.85
2 Compton Scatters included 1.11 109 121 0.80 0.49
3 Perfect background rejection 7.61 N/A N/A 1.00 1.00
4 Back-to-back evenly-split 0νββ 1.96 36 133 0.68 0.91
5 Back-to-back, even split 0νββ
and straighter tracks
5.53 143 111 0.79 1.00
6 Truth-value Cherenkov ID 1.40 183 218 0.68 0.80
7 100% detection efficiency 1.59 362 442 0.64 0.87
8 10% detection efficiency 1.20 36 44 0.75 0.64
9 No directional information 1.34 109 133 0.75 0.72
10 Kiloton sphere 1.35 76 93 0.66 0.80
11 Kiloton sphere w/o direction 1.30 76 93 0.73 0.72
12 Cylindrical geometry, 4pi
instrumentation
1.43 108 131 0.65 0.83
13 Cylindrical geometry, side-only
instrumentation
1.38 87 106 0.63 0.82
14 Sensitivity assuming b=10 1.22 133 109 0.79 0.71
15 Perfect background rejection,
b=10
2.76 N/A N/A 1.00 1.00
directly from equation 1. The sensitivity improvement fac-
tor of 7.61 represents an upper bound on what any back-
ground rejection technique can achieve in a scenario where
b=100.
Next, we replaced the realistic simulation of 0νββ with
a simplified model in which the betas are always emitted
precisely back-to-back and with exactly half the Q-value
energy each (Case 4). In this physically unrealistic sce-
nario, the sensitivity improvement was a factor of 1.96.
This scenario aids the discrimination because it creates the
most contrast between a single photoelectric electron and
a background event. The directional information of two
back-to-back electrons is as different as possible from the
single-electron background events. The overall Cherenkov
photon yield of two Qββ/2 electrons is less than that from
any other way to divide Qββ between the two electrons or
the yield of a single electron background. This scenario
was a significant improvement over the baseline case, sug-
gesting that handling the wide double beta decay kine-
matic phase space is a major challenge for Cherenkov dis-
crimination.
The gap between the idealized 0νββ Case 4 and the
perfect discrimination Case 3 can be largely explained by
the tendency of electron tracks in liquid xenon to scatter
frequently. We applied a cut on the simulated backgrounds
and idealized 0νββ used in Case 4, keeping only events in
which the primary recoiling electron(s) travel further from
the event origin than the 90th percentile. By selecting the
longest-travelling electrons, we choose a set of events with
less-than-typical amounts of electron scattering to demon-
strate the effect that scattering has. This scenario (Case
5) has excellent sensitivity improvement, a factor of 5.53,
close to the performance of the perfect discrimination case.
This demonstrates that electron scattering is the primary
limiting factor in Cherenkov discrimination.
We ran a scenario to evaluate the impact of the time-
of-flight cut used to separate Cherenkov and scintillation
photons (Case 6). All scintillation photons were removed
from the analysis and all Cherenkov photons were included
whether or not they passed the time-of-flight cut. The 30%
detection efficiency was still applied. The discrimination
power in this case was somewhat below the baseline (1.40
vs 1.43), suggesting that losing some Cherenkov photons
to the time-of-flight cut actualy improves the discrimina-
tion. We believe this is because the Cherenkov photons
that would fail the time of flight cut do not carry valu-
able information about the nature of the event. These are
largely photons from the shorter wavelength part of the
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Cherenkov spectrum which move more slowly through the
xenon causing them to fail the time-of-flight cut. These
photons are more likely to Rayleigh scatter and so con-
tribute noise to the directional information. The relative
difference between signal and background photon counts
also goes down, as the number of short-wavelength pho-
tons depends less on electron energy than the number of
longer-wavelength photons.
Finally, we examined the influence of collection effi-
ciency on the discrimination. The baseline scenario fixed
a 30% detection efficiency for Cherenkov photons. A sim-
ulated scenario with 100% efficiency (case 7) produces
a sensitivity improvement of 1.59. This is a smaller in-
crease than case 3, suggesting that while capturing more
Cherenkov photons would help additional photon statis-
tics cannot overcome the limitations imposed by electron
scattering and double beta decay kinematics. A simulation
at 10% efficiency (case 8) shows that low photon statistics
do lead to a much smaller sensitivity improvement factor
of only 1.20.
4.2. Potential Losses of Cherenkov Discrimination Power
The model of baseline scenario did not include some
factors that may be present in some real detectors that
will further reduce Cherenkov discrimination power. This
section describes additional scenarios that were studied to
estimate the impact these additional factors might have.
Additional hardware, such as field shaping rings, may
scatter Cherenkov light and reduce the available direc-
tional information. In the worst case, this would produce
output in which the location where the Cherenkov light
was collected carries no information. We modelled this
worst case scenario using an analysis that replaced the 24-
by-12 photon position binning with a single bin (Case 9).
This removes all directional information from the analysis,
resulting in reduced discrimination ability and a sensitivity
improvement of 1.34. This confirms that the directional in-
formation in the Cherenkov light is useful in distinguishing
signal from background, but the number of photons alone
is sufficient to perform some discrimination.
In the kiloton-scale geometry (Case 10), the increased
distance between the center of the detector and light sen-
sors at the detector edge causes photons to undergo more
Rayleigh scattering during their flight. In addition to blur-
ring the photon directional information, the Rayleigh scat-
tering blurs the timing information, making the time-of-
flight cut less effective at separating Cherenkov photons
from scintillation photons. The time-of-flight cut thresh-
old was optimized separately from the smaller detector
scenario, but still includes significantly fewer Cherenkov
photons: an average of 76 photons from 0νββ events in the
kiloton-scale detector versus 109 in the ton-scale detector.
These effects reduced the discrimination ability compared
to the baseline case producing a sensitivity improvement
of 1.35.
Combining the above two cases, a kiloton-scale detec-
tor was analyzed using only one photon position bin (Case
11). The result here was a sensitivity improvement of 1.30,
worse than using the same one-bin analysis on a smaller
detector (Case 9). This confirms that the Raleigh scatter-
ing’s effect on the time-of-flight cut is significant and the
larger detector’s performance loss is not purely due to the
Rayleigh scattering obscuring directional information.
To understand the effect of detector geometry a cylin-
drical geometry was evaluated. A spherical geometry was
chosen for the baseline case to simplify the analysis, but
cylindrical detector designs are common. The cylindri-
cal design had the same radius as the spherical geome-
try, resulting in a larger mass of xenon. We studied two
cases, one in which all interior surfaces of the cylinder
could detect photons (Case 12) and another in which only
the side of the cylinder while the bases of the cylinder
were 80% reflective but not instrumented (Case 13). The
full-instrumentation cylinder had similar performance to
the baseline spherical case, while the cylinder with non-
instrumented bases had reduced performance, with a sen-
sitivity improvement of 1.38.
Finally, we considered the effect that our assumption
of b = 100 in section 3.5 had on our results by finding the
maximal sensitivity improvement in the baseline scenario
with b = 10 (Case 14). Changing b does not affect the abil-
ity of the Cherenkov discrimination to reject backgrounds
and accept signals, but affects the benefit in sensitivity at
any given rejection/acceptance and puts the optimum sen-
sitivity at a different point on the ROC curve. Reducing
b, i.e. assuming fewer backgrounds exist to be removed
via Cherenkov analysis, reduces the sensitivity benefit of
that analysis down to a factor of 1.22. For reference, in a
scenario with perfect background rejection and signal ac-
ceptance and b = 10 (Case 15) the sensitivity improvement
is 2.76.
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5. Conclusion
These results indicate the potential for Cherenkov-based
discrimination in liquid xenon 0νββ detectors. A baseline
case with optimistic assumptions allows for discrimination
using time-of-flight-selected Cherenkov photons that pre-
serves 61% of the neutrinoless double beta decays while
removing 85% of photoelectric backgrounds. In a detec-
tor with 100 backgrounds in the experiment duration, this
discrimination would improve sensitivity to the 0νββhalf-
life by a factor of 1.43. This result is highly dependent
on the cuts applied to background before Cherenkov anal-
ysis is performed, and so any inefficiency in the single-
interaction-site cut that removes Cherenkov-scattering back-
grounds will strongly impact the potential for Cherenkov
discrimination.
We have shown that intrinsic properties of Cherenkov
production from 0νββ decay events limit the discrimina-
tion ability. The scattering of Cherenkov-emitting elec-
trons in liquid xenon and the kinematics of the 0νββ de-
cay are responsible for most of the difference between the
achievable performance of Cherenkov-based discrimination
and a perfect discrimination method. Detector features
that reduce the light collected or increase photon scatter-
ing will also reduce the value of Cherenkov-based discrim-
ination.
This result also depends on several simplifications used
in the simulation and analysis. The most significant of
these is that events were only simulated in the center of the
detector. If the discrimination ability varies significantly
outside the center of the detector the whole-detector sensi-
tivity improvement result must be adjusted to reflect that.
The extension of this work to events outside the detector
center requires additional complexity in the event genera-
tion and analysis tools used and will be the focus of future
work.
These results differ from those in [21], which identi-
fied a greater separation between signal and background
events. We attribute the difference in results primarily to
a difference in the Cherenkov yield of background events
between [21] and this work. Reference [21] reports 20%
fewer Cherenkov photons in 0νββ events than in back-
ground events, compared to a 15% difference in yield in
this work.
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